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TECHNICAL MEMORANDUM NO, 10786

NEW METHOD OF DETERMINING THE POLAR CURVE
OF AN AIRPLANE IN FLIGHT*

By B, N, Yegorov
SUMMARY

A fundamental defect of existing methods for the deter—
mination of the polar of an airplane 1n flight is the im-
possibility of obtaining the thrust or the resistance of the
propeller for any type alirplane with any type engine, The
new method is based on the premisec that for zero propoeller
thrust the mcan angle of attack of the blade 1ls approximately
the same for all propellers if this angle is fceckoned from
the acrodynamic chord of the profile section, This angle was
determined from flight tests, Xnowing the mean angle of the
blade sctiting the anglo of attack of the propeller blade =at
zoro thrust can be found and the propeller speed in gliding
obtained, The experimental check of the necw method carricd
out on seviral alrplanes gave positive results, The basic
assumptionsg for the construction of the polars and the method
of analyzing the flight data are given,

INTRODUCT ION

The determination of the polar of an airplane in flight
under the gliding condition may be determined with a blocked
or rotating propeller (reference 1). In order to obtain the
polar of the airplane ffor zero propeller thrast it is neces—
sary to exclude the thrust or the propeller drag, For this
several methods are available all of which, however, possuss
some defect or another, A glide with propcller blocked is -
possible only for a very small number of airplanes due to
the difficulty or impossibility of stopping and cutting out

_the enginc in flight, A glide with rotating propellcer nay

be carricd out with the zero thrust indicator but then a

.nocessary condition is the presence of a sufficient clear

spacc at the crankshaft of the engine or the reducing geor
shaft, This is not the case for all engines, A glidc may

*Repo*t Ho, 418, of the Central Aprauhylroaynamical Institute,
Moscow, 1939,




NACA TM No, 1076 - 2

be corricd out, assuming for the propeller valuos of

A (=V/2n) taken from wind tunnel tests on-a propeller

scries, By this method large errors may be obtained since
the data of model tests on propellers in the wind tunnecl
disagree in most cases with the flight data, A4t times, 1in
order to determine the polars, the method of integrating
the pressures is applied, This method hos many defects,
particulariy the need for = large number of precliminary
wind—tunnel tests, 4 glide with the hud dynamometer can
finally be effected but up to the present time no suitabdble
design for meesuring the propeller thrust hns been worked
out., :

From what has already bcecen said 14 follows that the
availablec mothods are nct entircly satisfectory for deter—.
mining the polar of an airplane in flight,

1, FUNDAMENTAL ASSUMPTIONS OF THE NEW METHOD

Consider the work of an element of the propeller dblade
for zero thrust, "It is then possible to neglect the addi-
tional axial and rotational velocities nrising from tho
propeller slipstrcam, The velocity triangle in the plane
of the propeller (fig, 1) will then consist of the axial
veloe*ty ¥V, cqual to thoe flight velocity, the rotational
velocity of thce elouent U, and the resultant of these W,
The latter forus with an element of the blnde the angle of
attack o and is inclined B° with the plane of rotationg
The blade element is acted on by the 1ift force cys pW?/2
and the drag force cys pW®/2 dirccted both perpendicular
and porallel to the velocity W, respectively, The differ—
ence in the projection of these forces on the direction of
the velocity V gives the thrust of the blade elenent,
Bvidently for zero thrust of the blade clement the equation

is trues
W W
Cys 92 cos B = cgs £§~ sin B
or
cy
—e tar
oo @ tan B (1)
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On. the other hand, from the veloeilty triaﬁgle there is

tanB:—Y\:_—-.Y_._.:_zﬁ'.. (2)
U - 2rnrng wr

where, A is the advance ratio of the propeller and F=r/R
is the nondimensional radius of the blade section,

From formulas (1) and (2) thore is obtained
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It is scen, from the above formula, that for » given radius
T for zecro thrust for the same values of A the .efficicncy
of the blade section is the same, independent of the shape
of the profile or of the thickness and pitch, Morcover i%
follows from formula (3) that the efficicncy of the various
blade «lemeonts of the same propellcr varics inversely pro-
portional to ¥ and is equal to 2,8 A/m at T = 0,4,
Romembering that the value of A for prosent day propellers,
with account taken of the increase in velccity of the air-
planc, uoy vary within the limits of 1 to m it may be as—
sumed that the cfficicney at the blade tip varies frowm 1/w
to 1 and 2t T = 0,4 from 2,5/m to 2,5, Thus, for a thrust
equal to zero, the efficiency of the bladc scoctions in the
nost divergent cases may vary within the sunll linmits froa
1/m to 2,5, Considering the wind tunncl tosts of various
profiles it nay be seen that for such small values of the
efficicncy for profiles with cqual values of cy/cy tho
angles of attack are appreximately egual if they are rock-
oned from the aerodynanic chord of the section, By tho’
latter the chord parallel tc¢ the dircction of the velocity
is meont for which the 1ift of the section is equal to zero,
The effective blede sections are those lying at the radii
from T = 0,3 - 0,4 to T = 1,0, A%t smaller radii the
blade cither is entircly ineffective or only slightly ef—
feective, o :

As has already been said, for a given value of A  the
efficicney of the various elements for zoro thrust varies
inverscly propertional to T, The mean value of the effi—
Eiency will be possessed by the blade scetion at radius
r = 0,65 - 0,7, ¥Fronm a preliminary check on the basis of
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‘windutunnel tests on-various series of propellers the con—
clusion was reached that the prOpeller "bladc may be replaced
by a blade of the same section having a single blade setting
and angle of attack, This secction may be taken at the radius
LT o= 0:,671. '

Thu« on the basls of clementary considerations the
following. pr0p0sition was derived which 1s the underlying
basis of the new method, .The mean angle of attack of the
propellar blade at tha gection at radiug T = 0,87 for zerg
thrugt is constant for all propellers for pqual values 0f A
In othor words A = constant for different pr0pellers.

o = constant (4)
whe o is the mean angle of attnck of the bdlade at radius
T = O 67, thig nngle being computed from the aerodynamic
chord of the section,

Thus for N = constant,write
o = ¢ — B + a, = constant (5)

where ‘v 1s the mean sctting of the blade at radius

T =0 6{, B 1is the mean anglec of approach of the flow at
the same radius (fig, 1) and «, is the angle botween thu
asrodynnmic chord of the blnde section ot radius T = 0,4
and thec geometriec chord from which the blade sctting o 1s
reckonad,

Formulas (4) and (5) are true only for A = constant,
As has already been shown above, on the basis of formula (3)
the efficiency of the section at radinuse T = 0,87- varies
from zero to approximately 1,5 for a change in A from O
to 3,0, Thus, for the same series of propellers which differ
only - in the various pitches the mean angles of attack should
be difforcont for differcnt values of A at zero thrust,
Since tho efficiency of the blade section at T = 0,67 veries
- 8lightly- for-the .rather consideradle change in A from O to
3,0 tho change in the mean angles of attack should likewisc
be slight, Analysis of wind tunnel tests on various profiles
showed that with variation in the section cfficiency from
zero to 1,5 the angles of attack change approximately by 0,6°,
For this reason 1t may be approximately assumed that tho
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change in the mean angle of attack for varying A 1s glven

- by -the following relation .

Ao T 0,2A | (6)

Thus formulas (2) and (5) may be generalized by taking ac—

~count of the change in angle of attack with A, Then

= ¢ —= B + ag = Aa = constant ‘ (7)

Thé above formula may be applied to all‘propellers,

The above conelusion may now be formulatcd as follows.
The mean angle of attack of the propeller blade at radius

T = 0,67 2t zero thrust is the same for all propellers.

All that has been said above applies to 1isolated pro-
pellers, The above results are extended to propellers
mounted on the airplane, The propeller mounted on the air—
plane gives an additional drag to the parts of the alre
Plane located in the propeller slipstrcam, As is known,
this additional drag ariscs from the incrcased pressure and
from the increased flow velocity behind the propeller as
compared with the flight velocity, Under gliding conditions
of the airplane, when the propeller thrust is equal to zero,
the velocity of the flow behind the propellcr should not
differ from the flight velocity, 7For this reason therec
should be no increasc in the drag of the airplane, The
additional drag due to the increase in pressurc in the pro-
peller slipstream may be exprcssed as follows (sea refer—
ences 3 and 4)3%

R = hP
where
R compressive force on the nose portion of the fu;elaoc
or on other parts of the airplane located direcctly
bbhind the pr0peller
h,‘ coufficient dependlng on tho reductlon in the flight

velocity by the body

P propeller thrust
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Bvidently for P = O, R is also zero, Hence for zero thrust
the propeller has no-effect on the airplane,

The effect of the airplane on the propeller is now
considered, This effect shows up in the change in the
axial velocities of the alir flow in the propeller disk,
If V dcnotes the flight velocity and 7V, the velocity
in the plane of the propeller then

V=V, (1 + ¢) | (8)

wheore € 1is o coefficient of increcass cequal in turn %o
(roference 4)

e=1n /1 + 25

where

h coofficicont depeonding on the reduction by the body of
the flight velocity in the planc of the propeller

3B coefficient for the arca swept out by the propeller

At zero thrust B = 0O and ¢ = h, Therefore

<
1l

Vo (1 + h) (g1)
I+ is ovident that

A ='h (1 + h) | (9)

To determinu the angle B Dbetwecen W. and the plane of
rotation for the isolated propeller formula (2) may bo used,
Evidently for the propecller mounted on the airplane this
formula bocomes
' A,
tan Bgy. = —= (10)
mr

whure Ay is determined by formula (9), Formula (7) becomas

Qg = ¢ — f, + oy — Aca = constant (11)
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~The previously mentlioned formula should be applicable to

all propellers ‘mounted on various.airplanes, The result
finally obtained may be formulated as follows: The mean
angle of attack of the propeller blade at radius r = 0,67
for zero thrust is constant for all propellers on all air-
planes, Knowing the mean angle of attack of the blade «,
it is not difficult to determince the values of A\ for
gliding $1lights of the airplanc at zero thrust, From formula
" (11) the angle PBo is detormined:

By = © — ag + @y — Aa (1)

On the right side of the above formula all the terms are
known frow the dimensioning of the propeller and experimental
data, Then there 1ls determined Aot

i

Ao Tr tan 80 (13)

and A3

A=Ay (1 + h) (14)

With the value of A known the flight velocity and the
rotational speed of the propeller for gliding at zero thrust
are known, Practical application of formulas (12) and (14)
will be shown later,

2, EXPERIMENTAL CHECK OF THE NEW METHOD

The new method was worked out on the basis of elementary
conslderations and for this reason it was necessary to sudbject
it to a complete experimental check, Moreover, it was possibdble
to determine the mean angle of attack of the propeller blade
@y Only experimentally, The experimental cheeck was t0 estab—
lish the correctness of formula ?11) regarding the constancy
0f the mcan sngle of attack of the blade and the agrccment
between the polars obtained by the new and 0ld methods, - Since
the results obtained rofor to propellers of different shapes
-wlth differcont profiles and mounted on difforent airplancs
the test was undertaken for several types of airplanes with
differcnt propellers,
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o ‘To .check the constancv of the mean angle of attack

of thp propeller blade flights wore undortwken -with. the . .
object of dotermining the coofficients of effcctive thrust,
The tosts were conducted so as to obtain the values of the
effoetive thrust ¢coefficients for a large rnange of values
of A including the conditlons apprOnching the zoro thrust.
condition, 4s ig known, the effective thrust is deternincod
from tho foruula ' '

‘P =Q+ G sin @

where -

3

P effective thrust of the propeller
Q drag of the airplane in gliding

G weight of the airplane

a flight path angle_

Thus t0 determine the thrust coefficlent 1t is nccessary to
"know the drag of the airplane in gliding, or in other words,
the polar of the airplane, For this reason, on sach airplane,
its polar in flight was determined with the aid of the zn2ro
thrust indicator or in a glide with blocked propeller, For
illustration the values of the thrust cocfficicnts experi-
mentally obtained are shown in figure 2 for the Northrup
airplane, Similar curves were obtained for all propellers,
From the curves o = f(A) the values of A were determined
for o = 0, With the values of A and the angles ¢, o
and Aa known the values of the mean anglcs of attack of
the blade @, can be computcd, The obtained results for
all propellers on all alrplanes teosted are given in table 1,

5% )

As may be seen in tadble 1 seven alrplancs and eleven
propecllers in all were tested, The ailrplanes were of the
-most diversified types and for this rcason the mutual intor—
ference botween propellers and airplancg woes different,

This is indicated by the diffcrent values of the- intorfﬂrxncc
coefficient h; the values of h variced from 0,015 to 0,1,

- The propellers.likewige differed from cach other; some pro—
pollers were of large blade thickness (w&da) Ahd &omd of

small thickness (metal), The various blade scctions were of
three typest namely, Clark—Y, RAF-6, and a type obtained from
RAF-6 by increasing its thicknoss, The propellers had two-

and three-blades, The tecsts thus embraced the most divoersified
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~airplanes and propellers, As is seen in tadble 1 the valucs

of the blade’ angles of attack were obtained near each other,
The mean value.of the angle o, was found to be 0,66, The
maximum deviations from tne mcan value of ap did not ex—
ceced 0,15, Thes obtained scatter of the points is explainecd,
on one hand, by a certain inaccuracy in the fundamcntal
assumptions and on" the other by inaccuracy in the tecst it—-
sclf, The probnble error in dectermining o,  was obtaincd
as Aa, = 0,07680, Consider whnt systematic error in the
cocfficicent e5 . may bo obtained as a recsult of the error

Ao, = 0,0759, "It is not difficult to show (fig, 3) that to

an crror in the angle a4 of 0,075° for propecllers of the
usual- types there correspond the following crrors in the
thrust cocfficicnt:

H

For the thrce—~blade propeller Ao 0, 0006 -

For the two—blade propeller: Aa 0,0004

The error in tho coefficicnt ¢
be computed by the formula

x of the alrplanc may

2AaD®
A%s

Acy =

Bvidently Acy, will be greater the grcatcr the value of D
and thc smaller the valucs of s and A,

For the present day high specd airplanc with powerful
engincs it is difficult to assume less than 10 square metors.
for the wiang area, The corrgsponding pr0poller diametoer
does not cxzceced 3,0 mecbers (for the single cengine alrplmne).
For multi-cngine airplwnc propellers of larger diameter nay
be cxpected but there also is a corresponding increasc in
the wing arca, For sport and trainer airplancs the wing
arca may bec less than 10 square netere but the diameters of
the propellers are also considerably smaller than 3,0, In
other words, it may be assumed that for prescent day airplwncs
the ratio D®/s will not be larger than 0,9, The valucs of

M. for present day alrplanes usually cxco»d l 0 for zero
‘thrust, Only for low speéd nirplance do the vulues of A

lie'botWan 0,7 and 0,8 but the ratic D®/s 1is then consid—
crably less than 0,9, Thus if the assumed valucs are

D= 3,0 actors g = 10 squarc peters, and A = 1,0 it aay
be said that such conbination of values givcs the extrenc
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rlimitinv value of the error, Deternining Acxy for values

of D, s, ond AN for the three-blande propecller there is
obtaineds: -

po, = 2% o. Sgos X 9 _ 0.00108

and for the two-blade propellers:

Ac,, = 2 %X 00,0004 x 9 = 0,00072

10

For a cocfficlent ¢y of the entire airplane cqual to .0,02
these errors constitutc for the three-blade propeller, 5,5
percent and for the two-blade propecller, 3,6 percent, In
practicec it is difficult to cxpect such combination of values
of D, s, and A which werc assumed in theso computations

and the values of Acy, should be less than thosc obtained,

For the ocirplanes and propellers tested in the present invest i
gation the probable systematic errors obtained were the fol-
lowings

Forthrup 2B airplanc Acy = 0,00026
Biplanc Acy = 0,00018
Four—engine airplane Aex = 0,0002
Two-engine airplane Acy = 0,00016

Thus it may be concluded that the probable systematic
error in the coefficient ¢x o0f the airplane arigsing from
the error in determining the angle o, will not cxcced 2

‘to 3 percent, which of course, may be considered entircly
satis:actory since this error does not excecd the expurimontal
accuracy in determining the polar in flight

. A slight digression will preccde a comparison of the
polars detcrmined by thc ncw and o0ld methods, In practico,
in dctermining the polars in flight by the new method, it
1s difficult to assume the valucs of A, For this purpose
“'1t~is nccessary that the values of velocity and rotational
specd of the cngine and the value of the air density should
be given very accurately, , This is practically impossibdle
and deviations from thc assumcd conditions, although not
large, are always possidble, For this reascn 1t is necessmry
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to havo 2 mcthod for making corrections on the deviations

from tho assumed conditions or a method .of taking account

of the thrust or the drng of the rotnting propoller With

this objecet the result obtained of the constancy cf the

mean ~ngzle of ottack of the blade of the propeller oy for

all propellers and airplanes at zoro thrust was extended to

flight conditions near the zero thrust condition, It was
agssumed here that some other mean angle of attack of the
blade corresponds to the deviation of A from the assumed

- value for a nonzero thrust, depending on the value of the

propeller thrust, ZEvidently the propeller thrust depends
not only on the blade angle of attack dbut also on other
factors, mainly, the arca of the blade, In other words,

for equal 2ngles of attack of the blade the thrust will be’
greater for o propeller with greater arca, In order to make
the corrcction coefficient for the thrust or drag of the
propcllcer, independcent of the blade arca, it was decided to
introducc the valuc of the rclative thrust cocfficient ag
in the form .

S 131 )
where o 1s the propcller thrust coofflicient, 1 the number

of bladcs, oend sy a coefficicnt depending on the shape of
the blade:
Sf

S4 =5-é' (16)

where sy 1s the developed area of the blade and D the
propeller diameter, Since the area of the blade is determined
by the formula :

r=%_ o0

Ll ]

2 -
Sp = %; © bar (17)

—

where b = g the nondimensional width of the blade, therefore,

sy = % T+ : (18)
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Thg_previously mentioned data may be formulated as followss

- The corrections on the small values-of the thrust or drag of

the propeller are made on the basis of the assumption that
for all propcllers on all airplanes for equal mean anglcs of
attack of the blade o, the thrust coefficients ag arec
equals,

The obove assumptlion is approximate because the result,
with regard to the constaney of the mcan angle of attack of

~the blade for zero thrust, is, strictly speaking, applicable

to propellers at zero thrust, Moreover, the propeller thrust .
for equal angles of attack, as has already been 'said, depends
not only on the blade area but on other factors as well, For
this rcason discrepancies in the tost recsults were to bec cx—
pected, the discrepancics being larger the more the thrust
diffored from zero, However, for small valucs of the thrust
coefficient thesc discropancies have practically no effect on
the polars and, as will be seen from what follows, thec cor—
rections based on the above assumptions arc ontirely permissibdle,
To determinc the correections from the thrust coefficicnt curve
a = f(k) the values of the thrust coefficicnt o werc token
for various values of A, By formula (15) the values of Qg
were computed and by formula (11) the valucs of the mecan angle
of attack of the blade a, for given values of Ae Tho ob-
tained valucs ag = f(a,) are given on figurec 3, The correc—
tion curve is drawn through the test points, PFrom this curve
the corrcecticns for the condition of nonzero thrust may be
made, In place of the correction curve its equatiocn may bo
used?

ag = 0,1245a, — 0,0822 (19)

The tost curve showed that the curve of figure 3 or
formula (19) may be used with sufficiont relinbility, How—
ever, it is recommended that the values of a, be limited
betweon —4° =2nd 5° because for valucs of ag outside of
these limits appreciable errors may be obtninod, If the
values of A in gliding are correctly anssumed,the deovia-
tions of the valuos of o from 0,66° do not cxceed 1 to 2
percent, :

The experimental check of the agrecencent of the polars
dcternined by the new method with thosc obtnined with the oid
of the zero thrust indicator or with blocked propeller was
carricd out on the airplanes listed in table I, '
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Illusirations of the data obtained on polars of two
~airplanes are-given-but similar results 1in agreement were
obtained on the remaining airplanes, The polar of a single-
engine biplane with water—cooled engine is given on figure 4,
This polar was Obtained by the new method from a single flight,
The scatter of the test points does not exceed the scatter in.
obtainiang the polar by other methods, . The polar of the same
‘airplane is given on figure & for three propellerss: a two—
blade metal propeller with diameter D = 3,1 meters and angular
setting ¢ = 25,509, the samc propeller with angle ¢ = 21,50,
and a three—~blade metal propeller with diameter D = 2,8 umeters
with angle. ¢ = 30,2°, The curve on figure 5 is the polar of
the same airplane that was obtained by the zero thrust indica—
tor., The scatter of the test points in the tests with the
three—blade propeller was somewhat greater than for the other
propellers, This is explained by the fact that for a three-
blade propeller the given values of A were not suitable and
the values of the blade angles of attack %o lay outside the
above indicated limits (from —4° to 59), The same results are
glven on figure 6 for the Worthrup 2B airplane with propeller
D = 2,95 meters and blade settings 25,8° and 17,8°, It is

seen from figures 5 and 6 that the agreement of the results
obtained by the new and old methods is good,

The polars obtained by the new method from individual
flights with various propellers mounted on the same single—
enginc biplane are given on figure 7, 4As is shown on fig—
ure 7 the agreement of the polars obtained from the various
flights is good, The difference in the values of the coeffi~-
cients c¢x for equal valuecs of the coefficients cy does

not exceed the value 0,002 to 0,003 which is explained,
evidently, by the accuracy of the test itself, From figure

8 on which the polar of the same airplane with two propellers
is obtained from separate flights with the aid of the zero
thrust indicator, it is seen that the deviations between the
curves is of the same order as for figure 7, The polars ob—
tained from separate flights on the Northrup airplane with
two propellers are given on figure 9, These polars were ob—
tained by the new method, On figure 9 the deviations between
" the curves is of the same order as was obtained for figures-
7 and 8,

Thus, the experimental check has shown that the accuracy
of determining the polars by the new method is not less than
the accuracy in determining by other methods, An additional
experimental confirmation of the new method was obtained on
still another airplane not indicated in table 1, On this
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wairplann, duc to the prculnn-propertles of the shaft bear—
ings of %the reduction . gear it was not possible to determine

the polar in flight with the aid of the zero thrust ipdicator,
On this airplane the polar in flight was determined by the
‘new method, The tests were conducted with two positions of
the blade sngles differing by 99, Both pclars were in com—
plete abrcemcnt a fact which is an indirect conflrmatloa of
the new method,

3, APPARATUS aAND TEST PROCEDURE

To dotermine the polars in flight the following appara—
tus must be used:d

(1) A velocity indicator with pitot tube

(

N

) An altimeter with double pointer or accurante
barograph, the accuracy of the measurements of
the pressure drop by the barograph being not
less than 0,8 millimeéters of mercury

(3) A thermometer for mensuring the temperature of the
outgide air

(4) A thermometer for measuring the tempersture of ithe
alr in the cabin near the apparatus

(5) A stop watch

() A longitudinal inclinometer with wide base

(7) A tzchometer or rotational specd indicator, The
tachometer should be sufficiently accurate and the position
of the pointer stable, The reading accurscy should not be

less than 10 rpm, -

If self-recorders are available part of the epparﬂtus
may be replaced or duplicated,

A1l appuratus sheould first be carefully calibrated, the

calibration of the speed 1ndlcat0r altimeter, and thermoneuerv
being carried out over the tempcrature range w1thin which the
flights are made, Moreover, the specd indicator or the speed—

ograph with the pitot tube should be calibrated over a meas—
ured kilometer, or better still, with the aid of an Y"aerolag!
for measuring the velocity in gliding wunder the conditions at
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which the test will be conducted in determining the polars,
In preparing for the tests it is necessary to determine the
values of A, for the gliding conditions at zero thrust, For
this purpose it is firgst necessary to determine the blade
setting at the radius r = 0,87, With this object the pro—
peller should be dimensioned, If there are geometric data
available in the form of curves of the blade setting dis-
tribution and blade thickness and width distribution the
necessary dimensions may be taken from these curves, The
propeller blade setting at the radius T = 0,67. is checked
for all blades, PFrom the obtained results the mean arith—
metic value is taken, Simultaneously with measuring the
angles 1t is necessary to take the dimensions of the width
of the blade at T = 0,1k to T = 1,0, Moreover, at the
radius T = 0,67 the thickness of the blade section should
be measured for determining afterward the angle of the aero—
dynamic chord with the geometric chord, " Thus on the basis
ef the geometric characteristics of the propeller there
should be obtained the following data; the blade setting at
radius T = 0,67, the width and thickness of the blade seec—
tion at the same radius, and the width distribution of the
blade from r = O0,1% to r = 1,0, Moreover, it is necessary
to know the shape of the blade section,

Having the shape of the section and relative section
thickness ¢ = 8/b at the radius T = 0,67 (¢ is the
relative thickness, &8 the thickness, and b the width of
the sectiop) the angle between the aerodynamic and geometric
chords may be determined, This angle may be determined by
wind—tunnel tests on a series of propeller profiles, TFor this
purpose the value of the angle of attack of the section is '
taken from wind—tunnel tests at ¢, = O (reference 5), More-
over, ahe angle between the aerodynamic chord and the geometric
chord may be determined, approximately, by a simple geometrical
construction (reference 5, pp, 111-113), On figures 10 and 11
are given the values of the angles a as a function of the
thickness of the section for the m0stawidely used sections
RAF—¢ and Clark-Y, On these curves the angles ag are reckoned
from the chord passing through the flat lower side of the sec—
tion, By a geometric construction the angle ap is determined
in the following manner: The section at the radius r =" 0,67
is -sketched and chord AB is drawn (fig, 12) connecting the

leading and trailing edges, The axisl arc ACB is then drawn,

For this purpose draw the radii of curvature, bisect them

and draw the arc AGCB through the centers of the segments of
the radii of curvature, The maximum distance of the arc ACB
from the chord AB is denoted by f, The relative curvature is
then equal to ' .
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- f
f = — 100 ,
AR [ /0]

and the angle ag "in degrees is approximately equal to

OLao = 1%

It may be noted that in determining ayz geometrically the
line conneeting the front and rear points of the profile is
taken for the chord of the section, PFor this reason the
angle a, refers to this chord and in this case the blade
setting o must also be measured from the same chord,

The angle Aa is determined by formula (€) but since
the value of A before the flight is not known the angle
Ao may be approximately determined by the following formula

Ao % 0.2 h (20)

where h = mrtance is the relative pitch at radius 7T= 0,67.
In determining Aa by formula (20) a large error is not made
which might affect the results, Thus all data for determining
the angle By 1s obtalned:

Bo = ® — ag + ag — Aa (21)
where ag = 0,66 1is an experimental constant,
Further, A, and A are determined:
Ao =T F tan B (22)
A= Ag (1 + h) (23)
where T = 0,67 "and h 1is the interference coefficient in

the propeller plane, The value of h 1is determined from

test data or by the approximate theory of the mutusgl inter—
ference between propeller and airplane (references 3, 4, and
R)., On figures 13 to 19 the gurves of the coefficient h for
several cases 0f propeller mounting are given, On figures 13
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to 1% the curves of h are given as a function of the ratio
f/F where 'f 1is the area of the middle section of the fuse—
lage and F the area swept by the propeller, Such curves are
also given in figures 16 to 19 for the cases where the engine
is mounted ahead of the wings, On these curves the values of
h are given as a function of the sum f/F + e/D where f

is the area of the middle section of the engine nacelle, F

is the area swept by the propeller, e the maximum thickness
pf the wing,and D  the propeller diameter,. On all curves
denotes the relative radius of the noneffective part of the
blade (hub «ad tip), If the airplane type on which the tests
are conducted differs from the types shown. in figures 13 to

19 it is necessarJ, in determinlng h, to refer. to the above-
mentioned orlginal sources, ' ‘

With the value of A . for ”lldlng known it is necessary

;to assume a mean altitude of flight, It is recommended to
conduct flights at altitudes 2000 to 4000 meters since at

a lower altitude the atmosphere is usually not quiet, From
the mean flight altitude the value of the relative density

A is found from the standard atmosphere tables, Next assume
a series of values of the velocities Vins read on the in-—

strument, correct them by the calibration of the speed indica—
tor - over the measured kilometer, and obtain the value of the
indieated velocity V, With V3 known compute the true
velcelty Vi, = VIA/A and determine the rotational speed of

the propeller (or engine) by the formula

€0 V
n = bl
3.6AD
where Vi, 1s taken in kilometers per hour, D 1in meters,
and n in revolutions per minute, For geared engines the

reduction coefficient is used in order to obtaln the speed
of the engine and not of the propeller,

By computing the engine speed by the above method large
correetions may be obtained for the propeller thrust, This
is because the mean flight altitude and the relative air
density from the standard atmosphere conditions are assumed,
In practice the temperature conditions at the gziven altitude
often differ Ffrom the standard and, therefore, the relative
density values will differ from the given values, For this
reason it is recommended thet the wean altitude from the given
density be chosen, For this purpose the crew tekes with them
in flight, a previously prepared curve of dependence o0f fllight




NACA TM No, 1076 . o i i8

altitude cn the temperature for a given value of the rela—
tive density A, This curve may be easily drawn by com—
puting, according to the formula:

379

_ AT
P F
_ o.

where p is the air pressure in millimeters of mercury and
T the temperature of the outside air, A series of values
of the outside air temperature near the standard temperature
for the given value of the relative aipr density A is as—
sumed, The value of p is computed and dy the standard
atmosphere tables the value of the altitude is found, The
value of the latter is plotted as a function of the temper—
ature, With the aid of this curve the pilot at the start

of the flight makes three or four level flights at altitudes
near the given altitude, At these altitudes the outside air
temperature is measured and the obtained values are laid off
for the different altitudes on a curve, The point of inter—
section of the given altitude~temperature curve with the -
corresponding curve obtained in flight gives the flight al-
titude at which the air density coincides with the assumed
density, The curve H = f(T) should be prepared with ac—
count taken of the calibration corrections of the altimeter,
On the curve, in other words, it is necessary to give the
dependence of the indicated altitude on the temperature, It
ls recommended to prepare similar curves and also values of
the rotational speed for two or three altitudes so as to
enable the crew to choose a flight altitude for quiet atmos—
pheric conditijonsg,

It may be noted that for a multiengine airplane with
different propellers it 1s necessary to0 assume the speed for
each propeller, If a variable—~pitch propeller is mounted on
the airplane the polars must be determined for a single defi—
nite pitech for which 2ll computations of A and engine speed
must be made, The computation of all the data required for
determining the engine speed in gliding is preferably made
in the following order:
(1) ¢ the blade setting at the radius T = 0,67, deter—
mined for measurement

(2) & blade thickness at radius r = 0,87
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(3) b  blade width at radius T = 0,67
(4) ¢ = % relative blade thickness .
(r) a angle between the serodynamic chord and the

geometric chord of the section, determined by
wind tunnel tests or geometric constructions

(6) Aa determined by the formula
where

(7) B8, angle between W and U:

where
a, = 0,66°
(8) Ay =7 T tan B,
(2) n coefficient of interference, determined from

figures 13 to 19
(10) A = &, (14 1)

(11) Hins given mean gliding altitude from the pilot's
altimeter reading

(12) ® mean flight altitude corrected for the calibration
_of the apparatus A

..{13).p .. pressure. of. the air in millimeter of mercury from
the standard atmosphere tables correspond1ng to
the 2ltitude ¥

(14) 7 absolute temperature of the air at altitude H

(18) A = 0,379 %
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All computations are ﬁabulated.

(1) vin'

s given values of the gliding velocity by the
pilotts speed indicator :
(2) vy indicated velocity

(8) Vyp true velocity Vi, = vi// B

(4) 2 engine speed in gliding for the corresponding
values of Vgn

= iy e

3.6AD1

where 1 gear reduction factor of the engine

(8) n,

ins speed of the engine by the pilot's tachometer

corrected by calibration

Nipng 0 — Anjpg

The polarg are detarmined for established gliding con—
ditions, Taking an altitude 300 to 400 meters higher than
the chosen mean altitude, the pilot cuts down the gas and
establishes the given velocity and rotational speed by the
instruments, After the condition has bzen established the
readings can be started including either the self-recorders
or the visual apparatus, For a whole division of the scale
of the altimeter the observer sets the stop watch, records
the initial altitude of the glide, and reads the mean values
for the flight off the other instruments, Finally, for a
whole division of the altimeter scale, the stop watch is set
and a2 rescord of the final gliding altitude and thes time of
the glide is made, In practice the time during which the
measurements are made should be about 40 to 70 seconds, The
number of flights should be about 12 to 15 and the flights
should be repesated on another day for checking since the
possible vertical currents may introduce a systematic error

“in the results, A good means for excluding the effect of
vertical currents is the recorder of the flight path angles
(reference €6). Thus to obtain sufficient accuracy it is
necessary to make about 25 to 30 runs,
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4, FPUNDAMENTAL CONSIDERATIONS ON DETERMINING THE POLARS

For an established gliding condition the airplane 1is
acted upon by the following forces (fig, 20) the weight of
the airplane G3 the 1ift force cy s pV®/24 the drag force
cx s pV®/2; the propeller thrust P,

With the flight path and the horizontal forming the

angle 8 aund the forces progected in the direction of motion
and perpendlcular to it ‘
pV® XY
Cxs —Eﬂ = G sin 8 + P cos (a + ¢) (24)
v2
Cys Egﬂ = G cos O — P sin (o + o) (2r)

where o 1s the angle of attack and ¢ the angle between

the longitudinal axis of the airplane and the propeller axis,
Since the angles a and are small, it may be assumed in

the case of gliding, that cos{a + ¢).= 1, And since the
thrust in gliding is small, it may be assumed that Psin(ate)=0,

Equations (24) and (25) become:

. . V'e
Cys P = 6 sin e + P (26)
2
&
v
c.s f— = G coOs O (27)
o2
Dividing both sides of these equations by s sz/B there is
2G sin 8 2P
cy = — - — = cly + Acyg (28)
psV psV2 '
2 G cos 9
ey = 2522 (29)
psV

where
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er = 22823 (30)

Acx = - (31)

an added coefficient of the &irplaﬁe drég due to the pro—
peller thrust, On the basis of what has previously been
mentioned '

2is, D% « '
_-ACX = -1—--—7-'---- —'g (32)

s A

-where 1 is the number of propeller blades, sy the blade

area coefficient depending on the shape of the blade, Qg
1gs the relative thrust coefficient, Thus to determine ey

and ¢y o0f the eirplene in gliding it is necessary to know
the welight of the airplane, the angle which the flight path
makes with the horizontal,and Acy, Moreover, for plotting
the angles of attack on the polar it is necessary to know
the angles of attack of the zirplane o, From the veloegity
triangle of figure 20 there is

. u
sin 6 = (33)

where u 1is the vertical velocity of the airplane, deter—
mined by the pressure drop dp in time dt

11,1 4 . A
u o= Soes OB (34)
A dt ‘

In practice in computing the pressure drop by the altimeter
it is more convenient to compute the vertical veloecity by the
formulaj : : :

Hy — H, + AH, — AH_ T, -
u = - : : - ‘ (3r)
dt Tot .

where HL and H? are the altimeter resdings and AHl,VAH2
the corresponding corrections from the calibrations of the
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altimeter, T, the mean true temperature in gliding and

" Tgt the standard temperature at the same altitude, Know-

ing the angle of inclination of the airplane to the hori--
zontal there is ,

a® = 8% + ¥° | , (36)

The weight of the airplane during the glide may be
determined frow the welght of the airplane before and after
the flight and from the distribution of the fuel consumption
between the flights, The distribution of the fuel consump—
tion is couputed from the time between flights and from the
consumption data of the engine, It 1s necessary to take
into account the fuel consumption when the engine is running
on the ground, during the cliud to & given altitude, and
after carrying out the last glide up to the stopping of the
engine, An inagcuracy in determining the weight of the order
of 10 to 20 killograums gives a negligible errvror, The deter—
mination of Acy was discussed in section 3,

R, ANALYSIS OF THE TEST RESULTS

The form in which the data on the determination of the
polar from flight tests is presented is shown in table 2,
The data presented refer tc the Y-2 airplane, There are
first given the altimeter readings H, at the start of the
glide and H_ at the end of the glide and the corresponding
corrections for the altimeter calibration AH; and AHg,

In column 6 the values of dH = H, — H_ + AH, - AH_ are
computed, In the next column the gliding times dt in
seconds are given, This is followed by the true temperature
of the outside air T; and the standard temperature Tgy

at the mean gliding altitude Hy = H, - du/2 + AH,, In
column 10 for the same altitude Hp are written the values
of p, the air pressure in millimeters of mercury, In

column 12 the values of the vertical velocity calculated by
?he formula are given, '

D i B ]

dt Tet

| L o GE Ty

Further, the relative air density is determined by the
formula .
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In column 14 the values of the velocity by the speed indi-
cator Vipe (km/hr) are given, From the calibration of

the speed indicator over the measured kilometer the values
0f the indicated velocities Vy are obtained,  These values
are corrected for the temperature of the air near the instru—
ment panel, For this purpose it is necessary to have the
calibration of the speed indicator for various temperatures,
This calibration is carried out in the laboratory, From the
calibration-curve for the value of Ving the corrections for
the temperature in ths pilot'!'s cabin during the flight for
measuring out the kilometer and for taking the polar are o0b—
tained, The difference of these corrections AV; 1s added

to the readings Vi' Thus V11 = Vy + AV:.L wheare V11 is-
the value of the indicnted velocity V corrected for the
temperature calibration, ©Prom the corrected values Vig

there are computed the true values Vep = Vil/“/A’ In column

19 the values of sin @ are computed,

sin 8 = 3,6 —om

Vir

In columns 20 and 21 the values of 6 and cos 8 are
given, The values of the weight G and the computed values
G sin @ and G cos & are further given, In columns 2F and 26
¢y and c'y ‘are computed, ‘

28 cos 8

e = e e

vy L&
posV11

2 G sin @

(4] 'x TN e e ey s

posvil

The readings of the tachometer and the corrected values of
the engine speed by the tachometer calibration are given in
columns 27 and 28, There the values A. are computed:
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where 1 is the reduction factor of the engine The values
of A, are given in column 30:

where h is the interference coefficient computed from
figures 13 to 19, The values of tan Bo and B are then
computed: ) °

Ao

tan BO = —_
nr

where T = 0,67, Then Aa is computed by:
Ao = 0,2 A

The values of the blade angle of attack ag are computed
in column 34 by the formula:

Qg = @ — By + oy — Aa

Prom figure 3 or formula ag = 0,124F Gy — 0,0822 there are
computed the values of ag from a, In columns 36 and 37 are
computed AP and Acy:

2 1s1D° ag
s A
-.where 4 is the number of blades, sy 'a coefficient depend—

ing on the shape of the blade, It may be noted that for multi-
engine airplanes it is necessary to compute Acy separately
for each propeller and combine their sum with ¢'y in order

to obtain ¢y for the entire airplane, In column 38 are
computed the values of ex Of the entire alrplane:
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P S

Cy = clx + Acx

To measure the angles of attack it is necessary, from the
readings of the inclinometer ¥ in millimeters (column 39)
and the calibration of the inclinometer, to write down the
values of the slope angle ¥ of the airplane,. Knowing the
values of 8 (column 20) and ¥ (column 40) the values of
the angle of attack of the airplane a are computed:

a = 68 + ¥

In computing the angles of attack it is necessary to take
into account the angle between the wing chord and the air—
plane axis since the angles of inclination of the airplane
are generally measured from the airplane axig, The obtained
values of ¢ and cy are plotted in the form of curves

cy = f(a®), cx = £f(a®), and ey = fleg),

Translation by 8§, Eeisst
National Advisory Committese
for Aeronautics,
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TABLE 1,—~ SHOWS THAT THE ANGLE a,, THE AVERAGE ANGLE OF

ATTACK OF THE BLADE AT ZEROQ THRUST,
THE SAME FOR VARIOQOUS PROPELLERS AND AIRPLANES

IS APPROXIMATELY

Blade
Adrplane Propeller data |section h Qg
1. Northrup 2E, . Three—blade, Clark—Y 0, o7 (O3S
single engine metal
monoplang, D = 2.9Fo
air—cooled @ = ZF,8
engine
2, Same Same Clark-Y .07 o7
© = 17,80
3. Same Two~blade, metal {Modified . 07 o7
D = 2,8 RAF—6
v = 2’7,90
4, M—-F, single Two—~blade, wood RAF--8 ,08 , 76
engine biplane, D = 3,3
water—cooled @ = 15°
engine
R, Single—engine de~b1ade, metal RAF—6 , 0158 .7
biplane : D= 3.1
o = 2k, 50
f, Same Semej ¢ = 281,80 RAF—€ , 018 LFF
7. Same Three—blade RAP—€ , 02 .8
metal .
D = 2,8
¢ = 30,2°
8., PFour—engine Two—blade, wood RAF—¢ .1 . 6
monoplane, D= 3,k '
water—cooled @ = 1F°
engine -
9, Two—engine Two-blade, wood RAF—8 o7 B
monoplane, D =3.1 '
water—cooled o = 921,2°
engine = ' i
10, Y-2, trainer bi-— Two—blade, wood RAF-6 . 06 .78
plane with air-— D = 2,4
cooled engine ® = 16,7°
11, Single—place Two—blade, RAF—-8 , 08 .7
monoplane with metal
dir—cooled engine D =
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Table II
Mibw | b am || aH | at DoV H P Ty | e | A v
1{2 |3 41516} 7181]9 (10| n | 12|13 ]| 14/} 15
1 1

111450 11250 | 30 | 30 | 200 |69,6 | 296 | 1380 |643,6 {279,0 | 305 | 0,824 | 725 | 84,6
211450 (1250 | 30 | 30 | 200 (63,1 | 206 | 1380 |643,6 | 2790 | 3,37 |0,824 | 81,5 | 92,8
3145011250 | 30 | 30 | 200|527 | 296 | 1380 |643,6 |2790 | 0,04 0,824 | 92 1023
411350 (1150 | 30 | 30 | 200 {436 | 296 | 1280 651,5 | 279.7 | 4,85 |0,834 (104 |1129
51140011200 | 30 | 30 | 200 |36,0 | 296 | 1330 |647,5 {2794 | 5,80 0,829 {114 1219
613501150 | 30 | 30 | 200 |30,7 [ 295 | 1280 |651,5 |2797 | 690 |0,834 [123 |1209
7{1300 {1100 | 30 | 30 | 200|258 | 296 1230 | 6555 | 280,0 | 820 [0839 [133 |1386
Ne AV | Vy | Vo | sinB | 8 jcosO] G Gslnl)GcosO| €y ey n | ng X
{16 |17 | 18 | 19 |20 | 21 |22 | 23 | 224 | 25 | 26 |27 | 28 | 29
1{2 |866| 9560115 | 6,60}0.993 | 845 | 97,2 | 839 |0,699 [0,0810| 600 | 620 |1,07
2| 2 |948(104,4 {0116 | 6,660,993 | 840 | 97,5 | 834 10,580 [0,0678| 710 | 700 |1,035
3| 2 {104,3]114,9 |0,1263 ! 7,25(0,992 | 835 | 105,5 | 828 0,475 {0,0606| 780 | 770 | 1,035
4| 2 |1142]1258 [0,1388| 8,00(0,990 | 830 [ 1153 | 822 |0,389 [0,0546 | 850 | 860 |1,016
5| 2 1239]136,1 |0,1558 | 8,97[0,988 | 825 | 128,6 | 815 {0,332 10,0523 | 920 | 940 |1,005
6| 2 [(131,8]144,3 [0,1720] 9,90|0,985 { 820 { 141,1 | 808 | 0,291 {0,0509 {1000 |1 000 | 1,002
7| 2 114061534 0,1925/11,1 [0,981 | 815 [ 157,0 | 800 {0,253 {0,0496 (1075 |1 090 | 0,977
M o (o] (<]

A tg By Bo A | a &g A2 Acy Cx 1 T a

30 31 32 {33] 34 35 36 37 38 39 40 41

C

1 {1,009 |0,481 | 257 0,21 |—4,0 | —0,58 |[1,145 | 0,01243 | 0,0686 |129| — 06 | 6
2 10976 |0465 | 24,9510,2 [—3,25) —0,485 |1,071 | 0,01114 | 00567 (113 | — 2,7 4
3 {0,976 {0,465 | 24,95[0,2 |—3,25| —0,485 | 1,071 | 001114 | 0,0495 [100 | — 4,4 2,85
40958 |0,456 | 245 |02 |—2,8 | —0,43 |1,032 | 0,01022 | 00444 | 85| — 66 14
5 (0948 | 0,452 | 24,35 0,2 [—2,65| —0,41 [1,010 | 0,01000 | 00423 | 72 | — 8,1 0,87
6 {0,946 | 0,451 | 24,2602 |—2,56| —0,396 {1,004 | 0,0097 | 00412 | 56 | —10,15 |—0,25
710921 {0438 | 237 0,2 |—20 | —033 [0,955 | 0,0085 | 00411 | 45| —11,0 |—05

28
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Figure 1.~ Vector diagram for propeller dlade at zero thrust.
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